Abstract: Calc-alkaline lamprophyres are known from several localities in the Malá Fatra Mountains. They form dykes (0.5-3 m) of varying degree of alteration that have intruded the surrounding granitoid rocks which are often incorporated xenoliths. Clinopyroxenes (diopside to augite), amphiboles (kaersutitic), biotites (annite) and plagioclases are major primary minerals of the dykes, accessory minerals include apatite, ilmenite, rutile, pyrite, chalcopyrite, and pyrrhotite. Apatite has a relatively low F, but increased Cl content compared to typical apatite from lamprophyres or magmatic apatite from granitic rocks in the Western Carpathians. The chemical composition of the lamprophyres indicates their calc-alkaline character, but affinity to alkaline lamprophyres is suggested by the Ti enrichment in clinopyroxene, amphibole and biotite. According to modal classification of the minerals, the studied rocks correspond to spessartite. The differences in the chemical composition of the rocks (including Sr and Nd isotopes) probably result from the contamination of primary magma by crustal material during magma ascent. The age of the lamprophyres, based on U/Pb dating in apatite, is 263.4 ± 2.6 Ma.
Introduction
Lamprophyres are dyke rocks which differ from intrusive and effusive rocks in mineral composition, structure and, to some degree, chemical composition. The term lamprophyre was introduced by Gümbel (1874) to denote dark-coloured dyke rocks of variable mineral composition.
Lamprophyres are generally ultramafic, mafic, or intermediate rocks that intrude the basement at shallow-crustal levels and form dykes or sills. They are porphyritic rocks comprising phenocrysts of mafic minerals in a groundmass consisting of the same early crystallized minerals. The early magmatic mafic minerals include phlogopite, olivine, amphibole, clinopyroxene, and apatite (Bergman 1987; Rock 1987 . The lamprophyric magmas are typically formed at low degrees of partial melting of an upper mantle source at a depth of 100-150 km . These magmas are known to have very high concentrations of volatiles (F, CO 2 , H 2 O) and incompatible trace elements (light REE, Zr, Sr, Ba). Such high volatile contents likely result either from a previously volatile and incompatible elements-rich mantle source (Ulrych et al. 1993) or from fluid-rich metasomatism (McKenzie 1989) . Lamprophyres cannot be simply referred to as textural varieties of common plutonic or volcanic rocks, they are more complex in nature (Seifert 2005) . They are hybrid rocks, resulting from interactions of mantle melts with more evolved crustal material by processes of magma mixing (mafic-felsic melts) and/or assimilation of country-rock material .
In the crystalline complexes of the Western Carpathians, lamprophyres occur in various core mountains: Považský Inovec Mts., Suchý Mts., Malá Fatra Mts., Nízke Tatry Mts., but they are also known from the Veporic complexes (Hovorka 1967 ). Yet no attention has been paid to the detailed mineralogical and geochemical characteristics and age of these rocks. The focus of this work is on the detailed study of the mineral composition and geochemistry of Malá Fatra Mts. lamprophyres.
Geological setting
Basic dyke rocks from the Malá Fatra Mts. were first described by Ivanov and Kamenický (1957) from the area of the Kriváň hill (elevation Veľká Kráľová) and Martinské hole Mountains. The rocks occur as dykes of different thickness (0.5-3 m). Hovorka (1967) labelled these rocks as monsonitic lamprophyres. Lamprophyres are found in the surroundings of granitoid rocks (granodiorite and tonalite) of the Western Carpathians crystalline complexes. Some of the Malá Fatra lamprophyre dykes were relatively strongly tectonically affected, which indicates their pre-Alpine age. Depending on the structure, texture and mineral composition of lamprophyres, several types of dyke rocks can be distinguished in the Malá Fatra Mts.: porphyric, equigranular and amygdaloidal. Lamprophyres were studied from two localities ( Fig. 1 ):
• Outcrops of dykes at the cable car valley station at Martinské hole near Kalužná hill (49°5'49" N, 18°50'28" E).
• Dykes in Dubná skala granite quarry (49°8'25" N, 18°52'43" E) and dykes from the Višňové highway tunnel gallery.
The studied lamprophyres often contain xenoliths of the surrounding granitoid rocks and their minerals resorbed in a different stage. The surrounding granitoid rocks have the charac ter of hybrid tonalities (Kamenický et al. 1987) or I-type granites (Broska et al. 1997) . The minerals represented in the rocks are mainly plagioclases (oligoclase-andesine), strongly undulosed quartz, less potassium feldspar and biotites, and relatively rarely muscovite.
Mesozoic sequences of the Malá Fatra also contained Cretaceous alkaline lamprophyres (Polom, Višňové or Krpeľany; Hovorka & Spišiak 1988; Spišiak 1999 The chemical composition of the rocks was determined at the ACME Analytical Laboratories (Vancouver, Canada). Total abundances of major element oxides were determined by inductively coupled plasma-emission spectrometry (ICP-ES) following lithium metaborate-tetraborate fusion and dilute nitric acid treatment. Loss on ignition (LOI) was calculated from the difference in weight after ignition to 1000 °C. For the total carbon (TOT/C) and sulphur analysis (TOT/S) by LECO analysis, the samples were heated in an induction furnace to >1650 °C, which caused volatilization of all C and S bearing phases. Vapours were carried through an infrared spectrometric cell wherein the concentrations of C and S were determined by the absorption of specific wavelengths in the infrared spectra (ORG/C = TOT/C minus graphite C and carbonate). Concentrations of trace elements and rare earth elements were determined by ICP mass spectrometry (ICP-MS). Further details are accessible on the web page of the ACME Analytical Laboratories (http://acmelab.com/).
Apatite crystals were separated using standard techniques. Apatite U-Pb data were acquired using a Photon Machines Analyte Exite 193 nm ArF Excimer laser-ablation system coupled to a Thermo Scientific iCAP Qc at the Department of Geology Trinity College Dublin. (Schoene & Bowring 2006) . Durango apatite was also analysed in this study as a secondary standard. Durango apatite is a distinctive yellow-green fluorapatite widely used as a mineral standard in apatite fission-track and (U-Th)/He dating and apatite electron micro-probe analyses. It is found as large crystals within an open pit iron mine at Cerro de Mercado, Durango, Mexico. The apatite was formed between the eruptions of two major ignimbrites which have yielded a sanidineanorthoclase 40 Ar age of 31.44 ± 0.18 Ma (McDowell et al. 2005) . NIST 612 standard glass was used as the apatite trace element concentration reference material. The raw isotope data were reduced using the "VizualAge" data reduction scheme of Petrus & Kamber (2012) within the freeware IOLITE package of Paton et al. (2011) . User-defined time intervals are established for the baseline correction procedure to calculate session-wide baseline-corrected values for each isotope. The time-resolved fractionation response of individual standard analyses is then characterized using a userspeci fied down-hole correction model (such as an exponential curve, a linear fit or a smoothed cubic spline). The data reduction scheme then fits this appropriate sessionwide "model" U-Th-Pb fractionation curve to the time-resolved standard data and the unknowns. Sample-standard bracketing is applied after the correction of down-hole fractionation to account for long-term drift in isotopic or elemental ratios by normalizing all ratios to those of the U-Pb reference standards. Common Pb in the apatite standards was corrected using the 207 Pb-based correction method using a modified version of the VizualAge DRS that accounts for the presence of variable common Pb in the primary standard materials Pb value of value of 0.88198 derived from an apatite ID-TIMS total U-Pb isochron (Schoene & Bowring 2006) .
Samples for Sr and Nd isotope analyses were chemically prepared and measured in the Isotope Geochemistry Laboratory in the Institute of Geological Sciences of the Polish Academy of Science, Krakow. The analyses were made with a Multi-Collector Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS) Neptune. The samples were digested in three steps: firstly, with HF : HNO 3 , secondly, with HNO 3 and finally, with HCl and HF, following the procedure described by Anczkiewicz et al. (2004) and Anczkiewicz & Thirlwall (2003) . The samples were then dissolved in HCl for loading on cation exchange columns with AG50Wx8 resin (Anczkiewicz et al. 2004) . Final separation of Sr was performed by Sr-spec resin (Peryt et al. 2010 ) and Nd by Ln-spec resin (Anczkiewicz & Thirlwall 2003) . Nd isotopes were normalized to 
Results

Petrographic observation
Lamprophyres from the Malá Fatra Mountains are pale green, grey-green to dark grey in colour and they mostly have porphyric texture (equigranular types are less frequent), rarely also amygdaloidal texture. Phenocrysts are formed by plagioclase, quartz, pyroxene, biotite, rarely also amphibole. In some places, there are occurrences of irregular, up to 6 cm large xenoliths of the surrounding granitoid rocks or their minerals (mainly plagioclases; Fig. 2a ). Oval-shaped amygdales filled with carbonate, rarely with chlorite are also frequent (Fig. 2b) . The rocks are characterized by strongly, usually almost completely altered primary minerals, namely clinopyroxenes, but often also amphiboles and biotites. This is the reason for difficulties in the classification of rocks based on their modal mineral composition composition (Spišiak & Hovorka 1998) . Nevertheless, based on the observed relics of minerals, their pseudomorphoses and types of alte rations, the studied rocks correspond to spessartite. The chemi cal and isotopic compositions of the lamprophyres from the Malá Fatra Mts. in the analysed samples are given in Tables 1 and 2 .
We determined the age of the rocks using LA-ICP-MS by apatite analysis (Trinity College, Dublin, Ireland) as 263.4 ± 2.6 Ma ( Fig. 3) , which corresponds well to their geological position.
Mineralogical characterization
Clinopyroxenes usually form phenocrysts with a typical oscillatory and sector (hour-glass texture) (Fig. 4a) zoning. The pyramidal sector is enriched with SiO 2 and MgO, or depleted in TiO 2 , Al 2 O 3 and Na 2 O compared to the prismatic sector (Table 3 ). The studied clinopyroxenes are characterized by relatively high contents of TiO 2 and Na 2 O. Based on the IMA classification of pyroxenes (Morimoto et al. 1988 ), they can be classified as diopside to Ca-rich augite (Fig. 5 ). There are also rare occurrences of clinopyroxene xenocrysts in these rocks (Fig. 4b ). They are partially altered to form a mixture of chlorite and hydrated grossular-andradite garnet. This alteration must have taken place at the lamprophyres magma generating site, as the rims of the xenocrysts were formed later. Compared to the phenocrysts, the xenocrysts have increased contents of Al 2 O 3 , Na 2 O and TiO 2 and lower contents of SiO 2 and CaO (Table 3 ). The newly formed rims of xenocrysts have a similar composition to the central part of phenocrysts. An identical type of clinopyroxenes alteration was also described in the Nízke Tatry Mountains Permian basalts (Spišiak et al. 2017) .
Amphibole is a relatively rare mineral (Fig. 6a ) and is often strongly altered. It usually has elevated contents of TiO 2 , Na 2 O and K 2 O (Table 4) . Based on the classification of amphiboles (Hawthorne et al. 2012) , it corresponds to kaersutitic amphibole based on the Ti > 0.5 apfu. However, unknown Fe 
/O
2− ratio prevents exact classification. The Al content is too low for kaersutite. If a part of Fe is treated as trivalent to charge balance octahedral sites, amphibole would have the composition of ferri-kaersutite. In contrast, if the charge at octahedral sites is balanced by OH, the composition would be between ferro-ferri-kaersutite and hastingsite. Like amphibole, biotite is also strongly altered (chloritized). It is characterized by the high content of TiO 2 , which documents its magmatic origin (Table 4) . Based on the mica classification of Rieder et al. (1998) , it corresponds to annite (Fig. 7) . AbdelRahman (1993) used the dependence of Al 2 O 3 and MgO in biotites from different lamprophyre types for their genetic classification. In the discrimination diagram (Fig. 8) , the biotites from the rocks under study are lying in the field of biotites from calc-alkaline lamprophyres.
Plagioclase and K-feldspar are common felsic minerals in these rocks, with plagioclase prevailing over alkaline feldspar. Plagioclase has a relatively high basicity -An 61 (Table 5 , Fig. 6b ). Strongly resorbed xenoliths of the surrounding granitoid rocks, and/or feldspar rarely occur. In plagioclase xenocrysts, the original composition is often preserved only in Table 2 : Sr and Nd isotope composition of studied lamprophyres. Fig. 3 . LA-ICP-MS U-Pb age for apatite from studied lamprophyres. Table 3. the central parts (basicity corresponds to the original granitoid plagioclase; An 32 (Broska et al. 1997, Fig. 6b ) and the rims are replaced by more basic plagioclase. The rims (An 58-61 ) of the xenoliths correspond to primary plagioclase from lamprophyres (Fig. 9) . K-feldspar is less common and has elevated contents of Na 2 O and Ba (Table 5) . From the accessory minerals, apatite is the most common. It forms columnar grains, or grains with a hexagonal shape (Fig. 10a) . Needle-like apatite (Fig. 6a) as well as oval-shape apatite are observed in rare cases (Fig. 10b) . According to their composition ( Fig. 10c, d ; Table 6 ), the apatite studied here belongs to the apatite group (Pasero et al. 2010 ) with the composition of hydroxylapatite. It has a low proportion of substituting cations (Fe < 0.04 apfu, Mg < 0.02 apfu, Na < 0.03 apfu, (Morimoto et al. 1988 ); D -diopside, H -hedenbergite, A -augite; pr -prismatic sector, py -pyramidal sector, c -core, r -rims, xe -xenocryst. /Fe 3+ ratio calculated from charge-balanced formula. pr -prismatic sector, py -pyramidal sector, c -core, xe -xenocryst, r -rims.
REE < 0.03 apfu) but (OH)
− is significantly substituted by F − (0.37-0.44 apfu) and Cl − (0.05 apfu).. From the opaque minerals, the most common are ilmenite, rutile, pyrite, chalcopyrite, pyrrhotite, while the sulphides are younger than the oxides.
Discussion
Geochemical characterization of the lamprophyres
The chemical composition of the lamprophyres from the Malá Fatra Mts. can be used to reveal their genetic conditions, although it is strongly affected by the alteration of these rocks and amygdales and xenoliths of the surrounding granitoid rocks (or plagioclases) presence. In the classification diagram of different types of lamprophyre rocks (Rock 1987) , the studied lamprophyres correspond to the calc-alkaline type (Fig. 11) . To compare, we plotted the average compositions of calc-alkaline lamprophyres, spessartites and Cretaceous alkaline lamprophyres from the Malá Fatra Mts. (Spišiak & Hovorka 1997) . The Cretaceous lamprophyres from the Malá Fatra Mts. fall within the field of alkaline lamprophyres.
For a more detailed geochemical characterization, we used a trace element diagram normalized to primitive mantle (Fig. 12) . The contents of compatible elements (Cr, Ni, Co, V, Sc) in the studied lamprophyres are lower (Cr, Ni) or similar to primitive mantle (PM). This could mean that the source was either depleted in these elements or retained by compatible elements during partial melting. It could also indicate (especially Sc and Co concentrations) the presence of biotite and clinopyroxene in the source. In contrast to PM, all incompatible elements are highly abundant. Compared to the average composition of calc-alkaline lamprophyres, the lamprophyres from the Malá Fatra Mts. are rich in Nb and Ta and slightly depleted in LILE (large-ion lithophile elements), namely Rb, Ba and Cs. The other elements compared had identical contents. Enrichment of some lamprophyre types with Nb and Ta was also described in the Sudetes (Awdankiewicz 2007) We also used discrimination diagrams to classify the studied rocks with different types of magmatic formations. The Nb/Y ratio was used as an index to ascertain the alkaline or Table 4 ; bback scattered electron (BSE) images of plagioclases, the numbers in figures correspond to those in Table 5 calc-alkaline character of various rock types (Ma et al. 2013 , Jayabalan et al. 2015 . The high Nb contents in the samples would point to their alkaline character. A similar dependence was used by Krmíček et al. (2011) for geotectonic classification. In the discrimination diagram (Fig. 13) , the examined rocks are lying in the field of anorogenic geodynamic setting rocks. Further, we employed the dependence of Th/Y; Ta/Yb and Ba/Th, U/La to compare the studied lamprophyres with main geochemical reservoirs (Fig. 14a, b) . In the diagrams, the rocks lie close to the enriched mantle field (Fig. 14a) or are shifted toward U-Th enrichment (Fig. 14b) . We also plotted the analyses of calc-alkaline lamprophyres from the Krušné hory Mts. (Štemprok et al. 2014) . The normalized REE curve (Fig. 15) indicates enrichment in LREE relative to HREE, which can result from mode ratedegrees of partial melting of the protolith. No Eu-anomaly was observed and therefore, no accumulation or plagioclase fractionation during magma evolution is likely. La/Yb ratio from the sampled lamprophyres is consistently within 0.14 to 0.17 indicating that parental melts were probably mantle-derived Rieder et al. (1998) . Table 5 : Selected analyses of plagioclases and K-feldspar. (Sun & McDonough 1989) . In comparison to the REE curve, in calc-alkaline lamprophyres, lower LREE and slightly higher HREE contents can be observed.
The available data on Sr and Nd isotopes indicate relatively large differences in the composition (Bernard-Griffiths et al. 1991; Huang et al. 1998; Seifert 2009 and others) of different varieties of calc-alkaline lamprophyre. Relatively large variations in the chemical composition of these rocks (including Sr and Nd isotopic compositions) are probably a result of primary magma contamination by crustal material during magma ascent. Our isotopic data (Table 2; Fig. 16 ) suggest that the mantle was the primary source of magma (ε Nd = 4), but it was affected by crustal material. Similar isotope contents are found in some lamprophyre types from the MidEuropean Variscides ).
The genetical remarks to lamprophyres
The Late Paleozoic lamprophyres of the Malá Fatra Mts. have a complicated genesis influenced by contamination of primary magma with mantle material. Geochemistry and mine ralogy indicate their calk-alkaline to alkaline character. The mineral association including diopside, biotite and plagioclase is typical for calc-alkaline lamprophyres (Rock 1987) . Table 5 . Table 6 ; Pl -plagioclases, Bt -biotites, Ap -apatites, Chl -chlotites, Ab -albite, Cal -calcite, Ilm -ilmenite. However, the Ti enrichment in pyroxene and biotite, presence of kaersutitic amphibole indicates an alkaline trend (Rock 1987) , although similar magmatic kaersutite was reported from calc-alkaline lamprophyres (Pivec et al. 2002) . Apatite in the studied samples has a relatively lower F content compared to typical apatite from lamprophyres (e.g., Tappe et al. 2006; Pandey et al. 2018) or magmatic apatite from granitic rocks in the Western Carpathians (Broska et al. 2004) . In contrast, the Cl content in apatite is unusually high compared to granitoids in the Western Carpathians (Broska et al. 2004 ) and most of lamprophyres (e.g., Renno et al. 2003; Tappe et al. 2006; Pandey et al. 2018) . However, high Cl content in apatite is typical for post-collisional lamprophyres ). It is assumed that primary magma was derived from enriched mantle protolith influenced by crustal contamination by sediments and assimilation of surrounding granitoid rocks. In comparison with similar calc-alkaline Late Paleozoic lamprophyres from other Western Carpathians localities, such as the Low Tatras, they are different in the content of individual minerals (especially amphibole) as well as overall geochemistry. If compared with Malá Fatra Cretaceous alkaline lamprophyres (Polom, Višňové or Krpeľany), Malá Fatra Late Paleozoic lamprophyres have a different geological position (cut carbonate sequences of Krížna nappe), different age, moderately different mineral and chemical composition, they contain foids and lack quartz and feldspar. At the same time, the alkaline type of rocks has not been reported from the Western Carpathians Late Paleozoic.
The studied lamprophyres contain clinopyroxene (Cpx) xenocrysts partially altered to a mixture of hydrated garnets and chlorite. Cpx xenocrysts are fringed with newly formed Cpx identical in content with porphyric xenocrysts. An identical type of alteration of clinopyroxenes was also described in the case of clinopyroxenes from Nízke Tatry Permian basalts (Spišiak et al. 2017) . The hydrated garnets and chlorites in Fig. 13 . Discriminant diagram Th-Hf-Nb/2 for orogenic and anorogenic lamproites (Krmíček et al. 2011 ); 1-studied lamprophyres, 2 -calc-alkaline lamprophyres, 3 -average spessartite (data for calc-alkaline lamprophyres and spessartite from .
Fig. 14. Trace element variation diagram for studied lamprophyres and the main geochemical reservoirs; a -Th/Yb : Ta/Yb (Wilson 1989; Pearce 1993) ; b -Ba/Th : U/La (Patino et al. 2000) ; GLOSS -global oceanic subducting sediment (Plank & Langmuir 1998) ; 1 -studied lamprophyres, 2 -calc-alkaline lamprophyres, 3 -average spessartite (data for calc-alkaline lamprophyres and spessartite from , 4 -Krušné Hory Mts. lamprophyres (data from Štemprok et al. 2014 ). 1 -studied lamprophyres, 2 -calc-alkaline lamprophyres, 3 -average spessartite (data for calc-alkaline lamprophyres and spessartite from . both types of rocks are very similar in composition. Regarding the fact they are xenocrysts, we suppose that they grew in the basic melt at great depth, at the site of its generation. The same age of rocks, the same type of xenocrysts and the same type of their alteration point to possible comagmatic origin of Permian paleobasalts (melaphyres) in the Hronicum and Late Paleozoic calc-alkaline lamprophyres from the Malá Fatra Mountains.
The age of the studied rocks has not been precisely determined yet and it is thus estimated according to their geological position. The lamprophyre dykes cut the Variscan mediumgrained granodiorities to tonalities, but do not penetrate the cover Mesozoic complexes. The age of the surrounding granites was determined by Scherbak et al. (1990) at 353 Ma. In general, the age of lamprophyre is estimated to Late Paleozoic. The determined age of the rocks using LA-ICP-MS by apatite analysis of 263.4 ± 2.6 Ma corresponds to their geological position.
Conclusions
The lamprophyric dyke rocks in the Malá Fatra core mountain which intruded the Variscan granites are strongly altered.
Xenoliths of the surrounding granite rocks and minerals (especially plagioclase) are frequently observed and they are resorbed to different degrees.
Clinopyroxene, amphibole, biotite, plagioclase and potassium feldspar are preserved as primary minerals. Clinopyroxene occurs as phenocrysts, but rarely also as xenocrysts. These two types of clinopyroxene are different in chemical composition. Amphibole (kaersutitic) and biotite are characteristic for high TiO 2 content.
Based on the main and rare element content, they correspond to calc-alkaline lamprophyres with an affinity to alkaline lamprophyres.
Variations in the chemical composition of lamprophyres (including Sr and Nd isotopic compositions) are probably the result of the primary mantle magma contamination by crustal materials.
The LA-ICP-MS U-Pb age for apatite from Malá Fatra Mts. lamprophyres is 263.4 ± 2.6 Ma. The age is similar to the calc-alkaline lamprophyres from the Nízke Tatry Mts.
